Abstract. The concentration of gases and aerosol particles have been measured at the mountain site of Altzomoni, 4010 m in altitude, located 60 km southeast of Mexico City, 50 km east of Puebla and 70 km northeast of Cuernavaca. The objective of this study was to evaluate the properties of gases and particles in the Regional Mixed Layer (RML) of Mexico's Megapolis. Altzomoni is generally above the RML from late evening until late morning at which time the arrival of the RML is marked by increasing concentrations of CO and aerosol particles that reach their maxima in midafternoon. The average diurnal cycles for fourteen days in March, 2006 were evaluated during which time the synoptic scale circulation had three principal patterns: from the east (E), southwest (SW) and west northwest (WNW). The original hypothesis was that air arriving from the direction of Mexico City would have much higher concentrations of anthropogenic gases and particles than air from Puebla or Cuernavaca, due to the relatively large differences in populations. In fact, not only were the average, maximum concentrations of CO and O 3 (0.3 and 0.1 ppmv) approximately the same for air originating from the WNW and E, but the average maximum concentrations of Peroxyacyl nitrates (PAN,PPN) and particle organic matter (POM) in air from the E exceeded those in air from the WNW.
Background
In the central plateau region of Mexico, 33% of the country's population resides in Mexico City and in the states of Morelos, Mexico, Puebla, Tlaxcala and Querétaro, i.e. approximately 36 million inhabitants living in a region the size of Switzerland but five times the population. This region has been designated a Megapolis by local authorities (Proaire, 2007) where a Megapolis is defined as an extensive metropolitan area or a group of continuous metropolitan areas (Gottmann, 1957) . The human activities in this region produce large concentrations of gases and particles, largely as a result of combustion from power generation, industrial
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operations, motor vehicle traffic and cooking (Proaire, 2007) . A large fraction of this area is also agricultural or forested and during some months of the year biomass burning, intentional or inadvertent, makes a significant contribution to the poor air quality in the Megapolis (Molina et al., 2007; Bravo et al., 2002; Salcedo et al., 2006) particularly when it intensifies in late March, reaching a maximum in May each year Bravo et al., 2002) .
As summarized in Table 1 this megapolis has annual emissions of almost 5.0×10 6 Mt of CO, NO x , SO x , VOCs, PM 2.5 and NH 3 (all data taken from the 1999 Mexican National Inventory of Emissions, http://www.epa.gov/ttn/chief/ net/mexico.html, except the SO x values that are reported by Rivera et al., 2009 ). The Mexico City metropolitan area (MCMA), made up of the states of Distrito Federal (DF) and Mexico, produces a large fraction of the pollutants in the region; however, from Table 1 we see that Hidalgo, the state on the northern border of the MCMA, produces 60% of the SO x in the megapolis and that emissions of PM 2.5 and NH 3 are approximately the same in the state of Puebla as produced in the MCMA. As noted by Whiteman (2000) and Fast et al. (1998) , the pollution from areas outside of the MCMA can be transported into Mexico City and subsequently impact the general air quality in this urban area. Hence, when assessing the regional and global impact of pollution from central Mexico, emissions from the entire Megapolis must be taken into account.
Since the early 1990s a number of field programs have focused on characterizing the pollution produced by the MCMA and on evaluating its impact on health and climate. Project Aguila studied the vertical structure of pollution in Mexico City with the NSF/NCAR King Air for two weeks in February of 1991 (Nickerson et al., 1992 (Nickerson et al., , 1993 Perez and Raga, 1998) . In addition to revealing the large variation in gas and particle concentrations over different parts of the city, the vertical profiles showed elevated layers of ozone (O 3 ) and aerosol particles between 2000 and 3000 m above the city indicating that the boundary layer grows to a depth several kilometers deep.
In February and March, 1997, another major field campaign, called "Investigacion sobre Materia Particulada y Deterioro Atmosferico -Aerosol and Visibility Research (IMADA-AVER)" was conducted in Mexico City (Edgerton et al., 1999) . Among the many measurements that were made were those with wind profilers to measure the boundary layer depth. Those results provided further evidence that the Mexico City mixed layer grows more than 3000 m above the basin of the city (Whiteman, 2000) .
The vertical structure of the atmosphere and concentrations of gases and particles measured by aircraft and wind profilers show that the city's pollution rises to levels where prevailing winds will transport it regionally. Indeed, various modeling studies that followed the 1997 field program simulated the transport of particles out of the Mexico City basin (Fast and Zhong, 1998; Whiteman et al., 2000) and in one study (Barth and Church, 1999) sulfate produced from SO 2 emissions had potential lifetimes of 5.5 days and was transported as far as the western Mediterranean Sea.
In the spring of 1999, measurements of CO, O 3 and other gases were made on the Altzomoni ridge with a mobile air quality laboratory provided by the Mexico City government (Jimenez, 2004) . This ridge is located in the Pass of Cortez between the volcanoes of Popocatépetl and Iztaccíhuatl located approximately 60 km to the southeast of Mexico City. This site was selected because of its altitude of 4010 m (1700 m above Mexico City) and it is also where the previous modeling studies (Fast and Zhong, 1998; Whiteman et al., 2000) indicated that air masses from Mexico City would eventually pass. It was seen from these measurements ( Fig. 1) that the CO and O 3 concentrations had diurnal variations similar to those measured at Merced, a site in the center of Mexico City, also operated by the city government as part of its Red Automática de Monitoreo Atmosférico (RAMA). The major difference was that the maxima in concentrations occurred approximately six hours after those in the city and the CO at the mountain site had been diluted by a factor of three compared to that measured in the city. There was also clear evidence of additional photochemical production of O 3 as the air was transported from the city since the O 3 at the mountain site never decreased below 0.050 ppm. These results were the motivation for a follow-on study at the same site but incorporating a larger suite of instruments. This study was conducted in March, 2006 during the Megacities Initiative: Local And Global Research Observations (MILAGRO) whose principle objective was to study the transport and transformation of anthropogenic emissions from the MCMA using a complex array of instruments that were deployed at ground sites and on airborne platforms. The measurements made at Altzomoni, at an altitude that puts it at approximately the same level as the upper third of the afternoon regional mixed layer (RML), complement those that were made from the aircraft during the MILA-GRO campaign. The following analysis discusses the diurnal variations in the properties of gases and aerosol particles, puts them into the context of the processes that affect these properties and compares the results with some of those found from the aircraft measurements and other ground sites during that same period.
Instrumentation
The suite of instruments deployed at the research site consisted of sensors for establishing the meteorological state of the atmosphere, the concentration of the principal trace gases and the physical, optical and chemical properties of aerosol particles. Table 2 lists the instruments with information on their detection limits and accuracies. The state parameters, winds and radiation (solar and UV) were recorded once per minute from the weather station 1 that was located at an altitude of two meters AGL. Measurements of CO, O 3 and SO 2 were made with an active Fourier Transform Infrared (FTIR) spectrometer, operated with an open path length of 350 m. The spectra from this remote sensing system, acquired at a rate of 1 Hz and 0.5 cm −1 resolution, were averaged to a sample interval of every five minutes. The concentrations of Peroxyacyl nitrates (PANs) were made with a dual column gas chromatograph 2 equipped with an electron capture detector.
The condensation nuclei (CN) concentration, particles larger than approximately 20 nm, was measured with a TSI 3 model 3010 that was part of the TSI scanning mobility particle sizer (SMPS) that also provided size distributions from 20 to 514 nm. The upper threshold was limited due to the restriction on high voltage when operating at elevated altitudes where corona discharge occurs if a voltage of 5000 V is exceeded. Size distributions for particles larger than 300 nm were measured with the LasAir Model 310 4 that optically sized particles from 0.3 to 25 µm.
The absorption coefficient was measured with a Particle Soot Absorption Photometer (PSAP) 4 at a wavelength of 550 nm and a Photoacoustic Soot Spectrometer (PASS) 5 at a wavelength of 850 nm. The scattering coefficient was measured with a Nephelometer 6 operating at a wavelength of 550 nm. The nephelometer was calibrated in accordance with the recommendations of the manufacturer and corrections were applied to the measurements of the PSAP to account for scattering effects (Bond et al., 1999) .
The mass concentration of organic and inorganic ions was measured with an Aerodyne quadrupole Aerosol Mass Spec- trometer (Q-AMS) 7 that was operated with a time resolution of five minutes (Jayne et al., 2000; Jimenez et al., 2004; Canagaratna et al., 2007) . The collection efficiency of 0.5 was derived by comparing the total volume derived from the SMPS with the volume derived from the AMS mass concentrations over the same size range as the SMPS and using the densities for the individual inorganic and organic components reported by Cross et al. (2006) . Figure 2 shows the comparison in derived volume from the SMPS, for 30 min averages made over the period of the project, with volume derived from the AMS plus the additional contribution from the effective black carbon (EBC). The SMPS was also used in the calibration of the AMS that was done seven times over the course of the experiment (4, 12, 15, 20, 24, 28 and 30 of March) using 350 nm particles selected with an electrostatic classifier from a nebulized solution of ammonium nitrate. The frequent calibrations indicated that there was very little shift in the instrument response during the period of the experiment.
Sub-micron filter samples were taken twice a day, from 10:00 a.m. to 06:00 p.m. and 06:00 p.m. to 10:00 a.m. the following day. Fourier Transform Infrared Spectroscopy (FTIR) was used to quantify particulate organic functional groups, including saturated aliphatic (alkanes), unsaturated aliphatic (alkenes), aromatic, alcohol, carbonyl, amines, and organosulfate compounds (Maria et al., 2002 (Maria et al., , 2003 Russell, 2003; Gilardoni et al., 2007) .
All of the instruments, except the meteorological sensors and FTIR gas instrument, were housed in a lightly insulated utility shed with no environmental control of temperature or humidity. The temperature and RH generally were the same as the ambient, reported in the next section. All the particle instruments, with the exception of the LasAir, sampled aerosols from a PM 1.0 cyclone separator 8 whose inlet was located outside the shed in a three meter, ventilated chimney. The air from the cyclone to the nephelometer, PSAP and CN counter was heated to approximately 40 • C to maintain the particles at low humidity. The purpose of the cyclone was to minimize truncation errors in the measurement of the scattering coefficient with the nephelometer and the aerosols were dried to prevent humidity enhancement of the absorption coefficient measured by the filter-based PSAP. The LasAir was operated in front of the cyclone in order to sample the coarse mode particles.
Since the measurements were acquired with several different acquisition systems, the data sets were time synchronized to a common time base then averaged every fifteen minutes for the analysis presented in this study.
Results and discussion

Measurement site
As shown in Fig. 3 , the research site, hereafter referred to as Altzomoni (19.117 • N, 98.654 • W, 4010 m a.s.l.) is located approximately 60 km southeast of the center of Mexico City, 70 km northeast of Cuernavaca, and 50 km west of Puebla. The map only shows the portion of the Mexico Megapolis closest to the Altzomoni site. The measurement site was situated at the highest point on the ridge with an unobstructed view in all directions (Fig. 4) where the western slope is steeper than the east. In addition to its strategic location with respect to nearby urban areas, there are no significant local sources of anthropogenic contaminants since it is situated in the national park of Izta-Popo-Zoquiapan with only a single road nearby that is principally used to bring weekend tourists to the park center and is approximately five km to the southeast of the research site. The volcano, Popocatepetl, is active and could be a significant source of SO 2 and sulfate particles, depending on wind patterns (Grutter et al., 2008) . Biomass burning from forest fires or agricultural clearing is also a potential source of particles and gases.
The days selected for the current study were those where the RML was clearly observed to grow above the measurement site, as illustrated in Fig. 5 , and whose measured daily trends in gas and particle concentrations exhibited a sharp gradient, as will be shown in the analysis below. All times are reported as local standard time (LST).
Days with precipitation or thick clouds were removed from the analysis as were those days influenced by local forest fires or other burning of biomass. Visual detection, the scent of wood burning and examination of MODIS-Aqua satellite images (Crounse et al., 2009 ) were used to identify these latter cases; however, influence from biomass burning cannot be completely removed from the data set, particularly 8 University Research Glassware, Chapel Hill, N.C. if there were more dispersed regions of agricultural burning used to clear fields. In addition, as discussed further below, throughout the research period there were fires burning in the Yucatan peninsula whose emissions cannot be ruled out as a contribution to the background levels of gases and particles (Yokelson et al., 2007; Crounse et al., 2009) .
Fourteen days were selected for the analysis, 3, 4, 12-19 and 28-31 March. As shown by the time series of CO, CN and the particle organic matter (POM) measured by the AMS (Fig. 6 ), there is a clear diurnal pattern that is due to the incursion of the RML, given the lack of local emissions. The shaded boxes highlight those time periods when equipment problems led to a loss of data from one or more of the sensors.
During the month of March, several different large scale circulation patterns evolved during which time the air could arrive at Altzomoni from nearly all quadrants depending on the synoptic situation. The primary objective of the study presented here is to evaluate the diurnal properties of gases and particles at Altzomoni with respect to the directions from which the air masses are arriving at the site, under the assumption that there should be measureable differences depending on whether they have been previously over more urban areas, like Mexico City, or more rural areas like the agricultural valleys to the SW or E. We have used the wind fields derived from the North American Regional Reanalysis (NARR) at 650 mb (the average pressure measured at Altzomoni was 630 mb) to stratify the results. These data are available at a resolution of 32 km in the horizontal, every three hours. The closest grid point from the NARR was at 19.0688 • N, 98.7043 • W, or approximately five kilometers to the SW of Altzomoni. The airflow direction for the 14 days of the study is shown in Fig. 6a . The local wind direction, measured by the weather station at the research site, is not used for this analysis as it may not be representative of the regional scale circulations due to the influence of local topographical features.
The emissions inventory shown in Table 1 show that the largest source of anthropogenic gases and particles is the MCMA, to the NW of Altzomoni, followed by Puebla to the East, and Morelos to the SW. Hence, the remainder of this presentation will look at the periods when the winds were from the WNW, E and SW, and the curves representing diurnal averages of different properties will correspondingly be colored in black, green and red. 
Meteorology
The general meteorological conditions for the March, 2006 period have been discussed in detail by Fast et al. (2007) . Figure 7 shows the daily averages of temperature, relative humidity (RH), and the local wind speed, measured with the weather station, for the three cases. The standard deviations about the mean are shown here every five hours as vertical bars and represent the natural variability. The air from the E is generally much warmer and drier than from the SW and WNW and the wind speeds higher until about 14:00. The winds from the SW and WNW are calm with the notable period between 06:00 and 08:00 when winds from the WNW increased to almost 10 ms −1 . This was not a common occurrence and was likely a result of downslope flow since the RH also decreased from 60% to 40% during this same period.
The trends in temperature, humidity and winds are associated with the local temperature gradients, as discussed by Fast and Zhong (1998) and Whiteman et al. (2000) . In the early morning the eastern slopes are heated as the sun rises and upslope flow is caused by the differential heating between the slopes and the valley to the east. Turbulent mixing of the moister air from the valley and drier air aloft leads to a decrease in the humidity. Later in the morning the sun begins to heat the western slopes of the mountains and leads to a similar upslope flow from the west. Regardless of the larger scale flow, during the daytime when there is significant solar heating, there will always be an upslope component on both sides of the Altzomoni ridge (Fast and Zhong, 1998; Whiteman et al. , 2000) that will lead to a convergence zone in the 7
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The diurnal variations in the meteorological patterns of a) temperature, b)
relative humidity, and c) wind speed are shown for the three cases of air coming from the east (green), southwest (red) and west northwest (black). Each data point represents a fifteen minute average. Standard deviations about the means are plotted as vertical bars every five hours.
Fig. 7.
The diurnal variations in the meteorological patterns of (a) temperature, (b) relative humidity, and (c) wind speed are shown for the three cases of air coming from the east (green), southwest (red) and west northwest (black). Each data point represents a fifteen minute average. Standard deviations about the means are plotted as vertical bars every five hours. There is missing data from 10:00 to 17:00 LST on the day of southwesterly winds due to a weather station malfunction.
region of the research site and a decrease in the local wind velocity, as seen most clearly in the winds from the E in Fig. 7c between 13:00 and 20:00. Figure 8 shows the average diurnal concentrations of CO, O 3 and SO 2 . During MILAGRO Shaw et al. (2008) analyzed the development of the daytime mixing layer using radiosondes, sodar, lidar and a wind profiler. They found that the top of the mixed layer in the Mexico City region reached 4000 m, the approximate altitude of Altzomoni, between 11:00 and 12:00 and remained above this altitude until after 20:00. This time period is marked on Fig. 8 as a shaded box and we see that the CO (Fig. 8a) in air from the various directions begins to increase within this period, but the initial increase depends on the direction of flow. The CO in air from the WNW is the earliest to begin increasing in concentration, followed by air from the SW and E. The only days when air was from the WNW in the afternoon and evening were those in the latter part of the month. Measurements of the gases from the FTIR system are not available for those days due to a lightning strike on the 26 of March during a thunderstorm that caused a power surge that subsequently damaged the system processor and that could not be repaired before the end of the project.
Gas concentrations
The differences in time when the RML arrives at Altzomoni, as indicated by increasing CO, is consistent with the distance between the research site from regional sources of anthropogenic emissions and the diurnal meteorology. Although the center of Mexico City is farther from Altzomoni than Puebla, the outskirts of the city extend to within less than ten kilometers from the base of the mountains. Hence, as upslope flow begins on the western side of the Cortez Pass, the RML will appear at Altzomoni sooner when winds are from the WNW than when they are from the E, as seen by the three hour difference in CO increase between the WNW and E cases. The CO from the SW begins to increase a little more than an hour after the CO from the WNW, primarily due to the air coming from the city of Cualtla, a population center 10 km to the SW of Altzomoni that is not as large as Cuernavaca but is a significant source of anthropogenic emissions.
It should also be noted that the CO concentrations from the E and WNW remain above 0.1 ppm while the CO from the SW decreases to 0.08 ppm, a value that is close to background levels of CO in the northern hemisphere. As a point of reference, the average, daily peak concentration of CO in Mexico City during this time period was 2.5 ppm (Fast et al., 2009) , or approximately 10 times larger than the maximum peak measured at Altzomoni when winds were from the WNW. The average concentration of CO measured at 700 mb from the C130 aircraft ) was between 0.12 and 0.16, or a little less than measured at the mountain site.
As the RML reaches the research site there is an initial increase in the measured concentration then a decrease as a result of dilution associated with increasing growth of the RML. Later in the afternoon the surface begins cooling, stabilizing the local mixed layer that begins to subside leaving a residual layer of CO aloft that is decoupled from the RML (Raga et al., 1999a) . This layer descends more slowly than the RML and when it reaches the level of the research site, a secondary maximum is seen in the E and SW CO between 18:00 and 20:00. Figure 8b illustrates daily variations of O 3 where the trends in concentrations are weakly correlated with those of CO. The minimum concentrations of O 3 in flow from the SW, WNW and E are 0.04, 0.05 and 0.07, respectively. There is insufficient information to assess the maxima concentration in O 3 from the WNW; however, the maximum in O3 from the E was 0.04 ppm higher than from the SW. The O 3 at Altzomoni has to be the result of photochemical production as the precursor gases are transported from their sources (Madronich, 2006) . As was observed in comparisons between Altzomoni and Mexico City, the CO at the research site was a factor of ten less due to dilution; however, the average, maximum concentration of O 3 at Altzomoni was on the order of 0.1 ppm, similar to maximum values measured in Mexico City during March, 2006 (Zavala et al., 2009 ).
The SO 2 shows a diurnal trend only in air from the east; however, whereas the concentration in CO from the E began increasing at 13:00, the SO 2 is observed to begin increasing at 11:00. In addition, the SO 2 begins decreasing at 15:00 while CO does not start decreasing until 20:00. The lack of correlations in the trends of CO and SO 2 suggests that their sources are not the same. Although the accuracy of the SO 2 from the FTIR measurement is lower than for the other gases, as shown in Table 2 , due to noise in the SO 2 infrared spectral region, the trends are larger than the expected uncertainties. The likely source for the SO 2 is the active volcano to the south whose emissions have been characterized during the same time period by Grutter et al. (2008) and who found that the emissions were transported NE towards Puebla/Tlaxcala 63% of the time. This could help explain the enhancement of the eastern component found in this study. The emissions can be carried down the slopes at night time as a result of the cooling of the mountainside (Raga et al., 1999b; Jimenez et al., 2004) where they can pool in the elevated plateau to the east of Altzomoni before being carried westward by the larger scale circulation. The rapid decrease in SO 2 from the east in the afternoon occurs as the accumulated gas is flushed from where it was stored at night and the early morning.
The peroxyacetylnitrate (PAN) and peroxypropionylnitrate (PPN) concentrations (Fig. 9) are close to or below the detection limit until 11:00, regardless of the direction of flow. Data is unavailable for the period between 14:00 and 19:00 for days when winds were from the WNW. The concentrations of PAN and PPN from the E and SW are strongly correlated with the CO concentrations and the primary and secondary peaks occur at the same time as the CO. The PAN and PPN in the easterly flow are much larger than from the SW during the initial surge but the afternoon peaks are identical, within the expected uncertainties. For easterly flow the ratio of peak PPN to PAN is greater than 0.1, similar to ratios found in Mexico City by . The increase in the afternoon PAN and PPN in air from the SW is likely a result of local circulations in the Chalco Valley through which air flows from Mexico City to the SE (Doran and Zhang, 1998; Whitefield et al., 2000) . This would be RML undergoing secondary processing before arriving at the Altzomoni site later in the afternoon.
Particle number and mass concentrations
The daily trends in fine, accumulation and coarse mode particle number concentrations are plotted in Fig. 10 , normalized to standard temperature and pressure (273.16 • C, 1013.25 mb) to facilitate easier comparison with measurements made at other altitudes and locations during MILA-GRO. The fine mode particle concentrations, those <0.3 µm, have a much more distinct diurnal pattern than was seen in the trends of CO. The fine mode concentrations in air from the WNW again increase earlier than air from the SW or E, similar to the CO, but now the particles in air from the SW and E have nearly identical trends. Regardless of wind direction, the concentrations decrease much more rapidly and earlier in the afternoon than the concentrations of CO. This is likely a result of removal by dry deposition or growth of the fine particles to larger sizes by condensation or coagulation.
The accumulation mode particle concentrations (Fig. 10b ) have trends that are more consistent with those of the CO concentrations, increasing at approximately the same time of day and remaining elevated until early evening. Fine mode particle concentrations are highly correlated with CO concentrations when both are measured near primary emission sources, for example in Mexico City (Baumgardner et al., 2000) ; however, given the distance between the source of the primary particles and the measurement site, it is highly likely that both the fine mode and the accumulation 9
Figure 9
These time series of a) PAN and b) PPN are for the same conditions as the data shown in Fig. 7 . Between 0000 and 1200 LST the PPN is at or below the detection levels of the instrument. mode concentrations are dominated by secondary processes . The lack of correlation between the fine mode concentrations and CO suggests new particle formation. There is a better correlation with CO concentrations in the accumulation mode as these are the older particles that were originally produced nearer the source of emissions and have grown by secondary processes. The coarse mode particle concentrations, represented here as those larger than 5 µm, are shown in Fig. 10c . They only appear when the winds are moderately strong, before and after the period when the RML is above the measurement site, but are not present under low wind conditions. This suggests that they are locally generated, most likely coming from the top soil in the immediate area or from the unpaved access road 500 m to the east of the measurement site.
The aerosol chemical species concentrations and EBC, also normalized to standard temperature and pressure, are displayed in Fig. 11 . The EBC is not a true measure of the black carbon (BC) mass because it is derived from the absorption coefficient measured with the PSAP by using a specific absorption coefficient, ω a , of 10 m 2 g −1 to convert to BC mass. As discussed in detail by Bond and Bergstrom (2006) , ω a can vary widely depending on the properties of the BC. The value used in the present study is taken from the literature as being the most commonly used with this instrument, but with the caveat that the numbers presented here have at least an uncertainty of ±50%. In addition, it has been shown in other studies ;
Figure 10
The diurnal variations in the concentrations of a) fine mode, b) accumulation mode and c) coarse mode aerosol particles are shown for the same conditions as the data in Fig. 7 . Note that all concentrations are normalized to standard temperature and pressure. Fig. 6 . Note that all concentrations are normalized to standard temperature and pressure. Cappa et al., 2008) , that the presence of organic material on the filters of the PSAP can bias the derived measurements towards larger absorption values, even after taking into account the light scattering component. The mass concentration of POM, shown in Fig. 11a , is the largest in air coming from the east. The maximum mass concentration is 25 µg m −3 compared to 15 µg m 3 from the WNW and 10 µg m −3 in air from the southwest. There is a relatively large amount of natural variability, as shown by the vertical standard deviation bars, and the expected uncertainty in all the mass concentrations are of order 14% (Table 2) ; however, the difference in maximum POM from the E and from the WNW is well above these uncertainties. Secondly, the POM from the E follows the trend in fine mode particle concentrations compared to the POM from the WNW and SW that have diurnal patterns closer to those seen in the accumulation mode particles. This suggests that even though the POM, in general, is probably SOA the particles from the E may be more newly formed and found in smaller particles. As a point of reference,
Figure 11
These time series of masses a) particle organic material, b) sulfate, c) nitrate, d) ammonium and e) effective black carbon (derived from the absorption measurements made with the PSAP), are for the same conditions and normalized to standard temperature and pressure as the data in Fig. 10 . Fig. 11b , are generally larger when winds are from the SW and WNW and with patterns that are roughly those seen in the accumulation mode particles (Fig. 10b) . Since sulfate is usually the result of secondary processes, and due to the large source region to the NW of Mexico City (Table 1), the higher sulfate from the WNW is as expected. DeCarlo et al. (2008) measured sulfate concentrations of 3.5 µg m −3 from the C-130 on 29 March, east of Altzomoni and at 4000 m. This was on a day when winds were easterly at the site and maximum concentrations were 2 µg m −3 . On this same flight the researchers identified two layers of sulfate at 4300 and 5000 m with concentrations of about 12 µg m −3 and were possibly related to volcanic emissions. The sulfate concentration directly over Mexico City was approximately 2 µg m −3 (DeCarlo et al., 2008) .
As shown in Fig. 11c , the mass concentrations of nitrate, NO − 3 , have trends when the site is in the RML that are similar to those in the POM concentrations. In particular, the nitrate in air from the E is a factor of two larger than that in the air from the WNW and SW, although there is a large amount of variance that suggests that this peak may be influenced by just one or two days. The measurements of nitrate over Mexico City (DeCarlo et al., 2008) show an average concentration of almost 6 µg m −3 , similar to the maximum of 5 µg m −3 measured at Altzomoni when winds were from the E.
The diurnal trends in the concentration of ammonium, NH + 4 , are nearly identical to those of the sulfate in the air from all directions. There is also a strong correlation between ammonium and nitrate, as would be expected if most of the nitrate is coming from agricultural activities where ammonium nitrate is a commonly employed fertilizer. DeCarlo et al. (2008) measured average ammonium concentrations over Mexico City of approximately 2.5 µg m −3 , similar to the maximum measured at Altzomoni of 2 µg m −3 .
The EBC (Fig. 11e) in air from the WNW and E has trends similar to the concentrations of POM whereas in air from the SW the EBC concentrations are nearly constant. The EBC is primarily found in the fine mode particles whose diurnal trends in concentration it follows closely. The maximum concentrations of EBC in air from the E and WNW, of approximately 600 ng m −3 , are twice the EBC in the SW flow. The average, daily EBC in Mexico City during this time period was 9 µg m −3 (Fast et al., 2009 ), a factor of ten larger than found at Altzomoni. Both the CO and EBC had ratios of approximately ten to one when comparing Mexico City concentrations to those measured at Altzomoni. Given that combustion is the primary source of both species, this suggests that they originated from the same general area and were diluted at approximately the same rate; however, the EBC is observed to decrease in concentration earlier in the afternoon than the CO, suggesting that the EBC is being removed, possibly by coagulation or by secondary processes leading to growth into the accumulation mode.
As illustrated in Fig. 12 , relative contributions of the ions and EBC depended on where the RML was in relation to the measurement site and the direction of the air flow. In this figure "night" and "afternoon" refer to the periods when the RML is below or above Altzomoni, respectively. Under all conditions the POM contributes the most to the total mass. The daytime flow from the east had the largest proportion of POM (75%), compared to 66% in flow from the SW and WNW, and also had the largest total aerosol mass concentration. Air from the E always has a larger proportion of POM than air arriving from the SW or WNW. Particularly noticeable is the large change in total mass seen from night to day in air from the E, a factor of more than three.
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Figure 12
The Table 3 compares these ion mass proportions with those derived from aircraft and ground based measurements made during this same period. In this table we see that the night time proportions at Altzomoni, and the daytime values when winds were from the WNW are similar to the measurements made at T0 during Milagro (DeCarlo, 2008) and at another site in Mexico City in 2003 although the total mass concentrations are less than half the city values. On the other hand, the proportion of POM at Altzomoni is somewhat higher than any of the other locations. The daytime values at Altzomoni when winds were from the E are notable for how much more the POM contributes to the total mass when compared to the other ground based and airborne measurements. As discussed below, the high concentration of POM at Altzomoni in air from the E, that contributes 75% to the total mass, suggests that these particles are dominated by SOA whereas those at the measurement sites closer to the emission sources have a larger percentage of primary particles.
Measurements of POM and nitrate were normalized with CO to account for the effect of dilution as the RML grows. This isolates changes due to advection of air out of source regions from secondary processes like new particle formation or diffusional growth. The ratios * POM/ * CO and * NO − 3 / * CO were computed where the "*" designates values of POM, CO and NO − 3 after background values of 1.0 µg m −3 , 0.05 ppm and 0.01 µg m −3 , respectively, had been subtracted from them. These "background" values were derived from the average, daily minimum values measured for these three parameters. Figure 13 shows the average diurnal variations in these ratios, stratified by air flow direction. The trends in the normalized POM and nitrate are gener-13
Figure 13
The particle organic mass (a) and nitrate (b) are shown here normalized by the CO to account for air mass dilution. ally different, depending on the direction of the air, although there are some similarities that may indicate the underlying sources of the POM and nitrates. The POM from the SW between 06:00 and 10:00, and from the E and WNW between 12:00 and 16:00 are clearly not directly associated with the primary particles because of the large increases that indicate changes not linked to the CO. Presumably these are SOA that have formed during transport of the RML, although the large increase in the * POM/ * CO in the SW flow is prior to the arrival of the RML. This increase must be viewed with caution, however, since this is also a period when the measured CO decreased while the POM stayed constant and near the background level. The trends in the * NO − 3 / * CO ratios are very similar in air from the SW and E; both are bimodal with peaks at 07:00 and 14:00, although the ratio in air from the SW has an additional late afternoon peak at 17:00. A large fraction of the regions to the E and SW are agricultural and the morning peaks in this ratio may indicate transport of particles from these areas. Another source of nitrate may be biomass burning not associated with local fires but coming from sources much farther upwind, e.g., Yokelson et al. (2007) noted an increase in the ratio of nitrate to CO in aged biomass smoke coming from the Yucatan Peninsula during the March, 2006 time period. Kleinman et al. (2008) and DeCarlo et al. (2008) computed the * POM/ * CO ratios from aircraft measurements and related them to the age of the particles or their distance from the source of emissions. Kleinman et al. reports 10 and 80 µg m −3 ppm −1 using measurements from the DOE The large increases of the * NO − 3 / * CO in the morning E and SW flows are likely the influence of fertilizer used upwind in the agricultural areas, as mentioned previously, since the concentrations in nitrate and ammonium are observed to increase during this time period and the concentration of the accumulation mode particles are also enhanced. The ratios are seen to increase sharply since these particles are unrelated to combustion sources, i.e. the CO stays constant as the nitrate concentration increases.
The organic functional group measurements by FTIR, shown in Fig. 14 and whose mass concentrations (all calculated at STP) are listed in Table 4 , were analyzed with respect to daytime (11:00-18:00), and night time (18:00-11:00) and stratified by wind direction. In the daytime, the concentrations of the carboxylic acid, alkane, alcohol and amine groups were approximately 50% larger than at night, with the exception of particles coming from the WNW that had approximately the same mass concentration of carboxylic acids during the day and night. The alkanes were always the largest proportion of the organics analyzed, followed closely by the carboxylic acids. Both of these are indicators of fossil fuel combustion processes, and the carboxylic acid groups typically form as secondary organic aerosols (SOA) . The particles in air from the WNW had the largest fraction of alkanes and daytime air from the SW had more than twice the mass concentration of alcohols as air from the east and three times the concentration as particles in northwesterly air masses. Alcohols are associated with biomass burning and the larger concentrations may indicate that there were fires burning to the SW; however, since the alcohol was only elevated in the daytime, the source of the aerosols might be related to agricultural burn-off that the farmers often do prior to spring planting. A more detailed discussion of the FTIR organic measurements can be found in the companion papers by Gilardoni et al. (2009) and Liu et al. (2009) .
Particle optical properties
The daily trends in the coefficients of absorption and scattering and the single scattering albedo (SSA) are displayed in Fig. 15 . The absorption coefficient, B abs , matches the pattern in EBC, previously described, since the EBC was derived directly from it. The scattering coefficient, B sct , is extremely well correlated with the POM for all air flow directions. Marley et al. (2009) Marley el al. (2009) . Light absorption is dominated by BC so the ten to one ratio between Mexico City and Altzomoni is consistent with the similar ratios of CO and BC between the two locations. The smaller ratio in scattering coefficient is due to competing processes of dilution and secondary production of SOA. The number concentration of particles produced in the source region will decrease as the mixed layer grows but the mass concentration increases with the formation of SOA as primary particles grow from the condensation of secondary organic gases . The SSA at Altzomoni varied between 0.76 to 0.86 and had an average, when in the RML, of 0.82. The SSA at the T0 site ranged from 0.44 to 0.9, with an average of 0.77 . This is consistent with the observed ratios between Mexico City and Altzomoni of the scattering and absorption coefficients whereby it is expected that the SSA will be higher given that the scattering coefficient is reduced less with respect to Mexico City than the absorption coefficient.
Summary and conclusions
Measurements of gas and particle properties, made on the Altzomoni ridge located at an altitude of 4010 m in the Pass of Cortez between the volcanoes of Popocatepetl and Iztaccíhuatl in the central region of the Mexican Megapolis, have been evaluated with respect to the direction of flow and the diurnal fluctuations of the RML.
The original expectation, when initiating this project, was that gas and particle concentrations would be significantly higher when the research site was in the RML during the day than during the night and early morning when the ambient conditions would be more associated with free tropospheric air. This generally proved to be the case for concentrations of CO and SO 2 , as well as for aerosol particles. A notable exception to this was the concentration of O 3 that did show small, diurnal fluctuations but, on average, remained above 0.05 ppm, even under free tropospheric conditions. Another expectation was that the concentrations of gases and particles originating from the direction of Mexico City, i.e. in air from the WNW, would be significantly higher than air from the E (Puebla) or SW (Cuernavaca). This was indeed the case for fine particles, those with diameter less than 0.3 µm, but not significantly, i.e. the average maximum concentration from the WNW was 18×10 3 cm −3 compared to 13×10 3 cm −3 from the SW and E. On the other hand, the concentrations of CO from the WNW and E were similar and the O 3 was on average 0.02 ppm higher in air arriving from E than from the SW or WNW. The PAN and PPN from the E were three times higher than from the WNW and SW and the average peak POM was almost twice as high.
Comparisons of the particle trends with those of CO, in relationship to the direction of flow, lead to the conclusion that the majority of the particle mass, in POM and sulfate, derives from secondary processes, as proposed by Volkamer et al. (2006) . In comparison with measurements made at other locations during the same time period, but closer to the primary emissions, the POM at the mountain site represents 75% of the total mass, while in the RML, compared to less than 60% measured in Mexico City at a ground site or from aircraft measurements in the RML over the city.
The inventory of emissions for Mexico's Megapolis show that the MCMA produces 60-70% of the NO x , VOCs and CO and 30% of the PM 2.5 in this region; hence, it was expected that the concentrations of the gases and particles would have been much higher at Altzomoni when the flow was from the WNW than from the E or SW. There are a number of possible reasons why this was not the case. One is that when air comes from the WNW, and the mixed layer grows,
Figure 15
The optical properties, derived from the nephelometer and PSAP, are shown here in a) absorption coefficient, b) scattering coefficient, and c) single scattering albedo, for the same conditions as the data shown in Fig. 9 . some fraction will be ventilated through the Chalco valley to the SE (Fast and Zhong, 1998 ). This will dilute the concentrations more rapidly than when air is flowing from the east bringing emissions from the Puebla valley that produces 11-16% of the NO x , VOCs and CO and 30% of the PM 2.5 in the Megapolis and that are less diluted as they are forced up the eastern slope of the mountain range. Secondly, we cannot rule out the possibility that air may sometimes be recirculated, i.e. pollution from Mexico City may first be transported NE before returning via the Puebla Valley. This effect is presently being investigated with a more detailed analysis with the WRF-Chem model. A third possibility is that the gases and particles that are sampled during the day are always some mixture of air from both the east and the west due to the temperature gradients on both eastern and western slopes of the mountain that lead to upslope flow from both directions. The relative proportion of gases and particles from both directions will depend on the strength of the larger scale circulations and cannot be determined unambiguously from the measurements themselves but will require further studies using numerical simulations of the dynamics and chemistry.
